Highlights d A freshwater testate amoeba is described from the Rhynie chert, Scotland d This is the earliest evidence of phagotrophic protists on land d Early testate amoebae seem ecologically similar to their modern relatives d Confocal laser scanning microscopy is a superior tool for imaging fossils
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In Brief
Strullu-Derrien et al. describe 407-millionyear-old testate amoebae, demonstrating the presence of phagotrophic protists in early terrestrial ecosystems. Today, these protists are important contributors to terrestrial communities; the new fossils show that their ecological role was established as plants first spread across the land surface.
SUMMARY
The Lower Devonian Rhynie chert is justly famous for the clear glimpse it offers of early terrestrial ecosystems [1] . Seven species of stem-and crown-group vascular plants have been described from Rhynie, many preserved in growth position [2] , as well as 14 species of invertebrate animals, all arthropods [3] save for a single nematode population [4] . While these shed welcome light on early tracheophytes and land animals, modern terrestrial ecosystems additionally contain a diversity of microscopic organisms that are key to ecosystem function, including fungi, protists, and bacteria. Fungi ranging from mycorrhizae to saprophytes are well preserved in Rhynie rocks ( [5] and references therein), and oomycetes are also present [5] . Both green algae (charophytes) and cyanobacteria have also been documented locally [6, 7, 8] . To date, however, phagotrophic protists have not been observed in Rhynie cherts, even though such organisms contribute importantly to carbon, nitrogen, and silica cycling in modern terrestrial communities [9] . Here, we report a population of organic tests described as Palaeoleptochlamys hassii gen. nov., sp. nov. from a pond along the Rhynie alluvial plain, which we interpret as arcellinid amoebozoans. These fossils expand the ecological dimensions of the Rhynie biota and support the hypothesis that arcellinids transitioned from marine through freshwater environments to colonize soil ecosystems in synchrony with early vascular plants. RESULTS 
AND DISCUSSION
The Rhynie chert near Aberdeen, Scotland (UK) is an Early Devonian hot spring deposit. The paleoenvironment is interpreted as an alluvial plain in which ephemeral ponds and small lakes are associated with a river system [10] . In the current study, five distinctive vase-shaped fossils were observed among interwoven filamentous cyanobacteria (Figures 1 and 3 ) and some sparse remains of banded tubes (derived from nematophytes that are believed to represent fungi). All fossils are preserved in three dimensions without obvious distortion (Figures 1 and 2); they have a spheroidal shape (61.5-47.8 3 61.2-43.2 mm) and a centrally placed, round apical aperture aligned with the axis of symmetry. The aperture features an internally reinforced collar 2.3 to 3.8 mm high (Figures 1 and 2) that thickens and flares outward slightly at its apex. That the tests show only limited evidence of compression suggests a rigid structure; test walls are organic with a delicate, rough surface ornamentation ( Figures 1A and 2A ) and small depressions that are visible at the test surface ( Figure 1C ). There is no evidence of scales or agglutinated particles. The structure of the wall is particularly well illustrated by confocal laser scanning microscopy ( Figure 2 and Video S1). The chemical composition of the organic wall is unknown. The only guide is that plant spores made of sporopollenin appear darker and more opaque in light microscopy than do arthropod or testate amoebae remains; they also have a weaker signal in confocal microscopy. Testate amoebozoans are commonly said to have proteinaceous tests [11] , but actual chemical analyses are limited. Alongside these five distinctive specimens are numerous globose structures of similar size that are plausibly also of the same affinity. We exclude these from comparison at present because we are unable to document an aperture with certainty.
The complete image of the thin section ( Figure 3 ) provides an overview of the preserved biodiversity in the local microenvironment. The vascular plant Asteroxylon mackiei [2] is present, but, unusually for Rhynie materials, filamentous sheaths interpreted as mat-forming oscillatorian cyanobacteria occupy more area within the section. The charophyte alga Palaeonitella [7] is represented by a single well-preserved individual. In contrast, the cuticle of the crustacean Lepidocaris [3] is more or less fragmentary. Also present are remains of the zoosporic fungus Cultoraquaticus trewini (Chytridiomycota) that is associated with branchiopod resting eggs [12] and parasitizes other structures. The latter of these are large (645 to 839 mm in diameter) spherical structures with a robust wall but without internal preservation; their affinity is unclear.
Here we describe Palaeoleptochlamys hassii gen. nov., sp. nov. as a testate amoebozoan of the order Arcellinida (the holotype on thin section NHMUK-V67932, from the collections at the Natural History Museum, London, is illustrated in Figures  1A and 2A , and its location on the thin section is marked TA* in Figure 3 ; see Systematics in STAR Methods). Of previously described Rhynie fossils, the specimens most similar to the population reported here are spheroidal microfossils interpreted as zygomycete fungi by Krings et al. [13] (additional specimens illustrated in Taylor et al. [5] p. 79, Figure 6 .8). This raises two questions: (1) are the two populations intra-or interspecific, and (2) can they be of zygomyceteous affinity?
In both populations, individuals are about 50 mm across, with a single aperture on one end. In detail, however, the populations are distinct, as evidenced by focused consideration of the aperture. In the previously illustrated specimens [5, 13] , the aperture consists of a short (10-12 mm) cylindrical apron, of which the proximal end appears irregular, that surrounds an opening that is either simply a circular hole or has a raised, commonly beveled margin 1-2 mm long. In contrast, the fossils reported here have a distinctly raised collar, distally thickened, with no evidence for an encompassing apron. Post-mortem removal of the apron observed in the earlier described population would not result in fossils with the collar observed in the new microfossils. Images of unpublished material, kindly provided by Michael Krings (personal communication), show some heterogeneity in aperture structure, but, in our view, do not overlap with the apertural structure in our new fossils. These morphological differences, added to the fact that the two populations were found in different types of environments-among bacterial sheaths (this study) versus close to degrading land plant axes and sporangia [5, 13] -argue against an intra-or interspecific interpretation.
Regardless of whether our population is conspecific to the previously described fossils, we must ask: species of what? In the zygomycete interpretation suggested for the previously illustrated population, the spheroidal structure is viewed to be a columella, with the apron considered the remnant wall of a spent sporangium or a truncated sporangiophore. Collapse of the wall to form an umbrella-like structure, observed in a few specimens, broadly resembles the post-dispersal collapse of the columella and apophysis in the extant zygomycete genus Rhizopus and closely related taxa. In extant mucoralean fungi, the columella is continuous with an elongate sporangiophore, which elevates the developing sporangium above the substrate [14] . If the apertural apron is considered the remnant of a spent sporangium, then no specimen illustrated to date shows evidence of a sporangiophore. If the apron is considered a remnant of the sporangiophore, then one must ask why it is always more or less uniformly short, much less than the several hundred microns expected for an intact sporangiophore, and why specimens show a structural discontinuity between the sometimes-rimmed columella and the external apron, even though sporangiophore and columella are chemically uniform parts of a continuous structure. Additionally, the shape and orientation of the apron complicates its interpretation as a remnant sporangial wall. For this reason, we reject a zygomycetous affinity for our specimens and consider other alternatives.
The sporangia of zoosporic fungi, especially extant Allomyces and morphologically similar Devonian fossils ( [15] and references therein), can bear a superficial similarity to our fossils in terms of shape and size, but chytrid sporangia lack the stout, structurally reinforced, and upward-flaring apertural neck of the fossils here described. The fossils, in turn, show no evidence of attachment to filaments or excystment structures opposite the neck. Oogonia of certain oomycetes (fungus-like organisms and Stramenopila) can be spheroidal to pyriform and are broadly similar in size to the fossils here described. They may also have a necklike extension where the oogonium attaches to a sometimesshort oogonial stalk; however, our fossils lack an apron-like extension and associated hyphae or antheridia, including the amphigynous antheridia that substantiate the interpretation of oomycetes in the Rhynie chert [16] .
Multiple protistan groups include species that form broadly vase-shaped tests. Tintinnid ciliates [17] , thecofilosean cercozoans [18] , gromid foraminferans [19] , and Archerella flavum (recently transferred to the Stramenopila [20] ) also have tests that bear a superficial comparison to the fossils here described, but all fail on the basis of size, morphology, test composition, and/or habitat. Euglyphid cercozoans [21] bear closer resemblance, as many species fashion vase-shaped tests, but euglyphid tests are generally covered by siliceous scales, for which there is no evidence in the new Rhynie fossils. Moreover, molecular clocks suggest that euglyphid diversification postdated deposition of the Rhynie chert [22] .
Acknowledging that vasiform tests or reproductive structures occur among multiple protistan and fungal clades, and recognizing that several of these clades are represented at Rhynie, we believe that the closest comparison of the new Rhynie fossils to extant organisms lies with arcellinid amoebozoans. This alter-native has a number of advantages, not least that aperture structure and the absence of any elongate apertural apron find natural explanation. Amoebozoa constitute a major eukaryotic group that is sister to the clade that includes animals and fungi (Opisthokonta [23] ). While not all amoeboid protists are amoebozoans, amoebozoans all have amoeboid morphology at some stage of their life cycle. Most amoebozoans are naked, but members of the order Arcellinida make organic tests with an oral aperture, through which pseudopods protrude for locomotion or feeding [24] . A few arcellinid amoebozoans occur in marine habitats, but most known species inhabit non-marine environments that range from shallow ponds and rivers to peat lands and soils [25] . In terrestrial habitats, testate amoebozoans are crucial to ecosystem function [26] , playing a key role in biogeochemical cycling within soils and bogs [27] .
We can eliminate a siliceous composition of the test. Observations made by confocal laser scanning microscopy (CSLM) and descriptions of several fungi [12, 15, 28] show that fluorescence in Rhynie chert organisms indicates an organic composition; the siliceous matrix does not fluoresce. Siliceous scales were not observed, even though they are of a size that could be resolved by light microscopy. We note that taxa with siliceous scales or agglutinated particles commonly show evidence of this in the wall texture-including regularly distributed points of thinning or holes in the wall-whether or not the scales are preserved intact. The size, morphology, and delicate rough surface ornamentation of the organic test observed in our fossils ( Figures  1A and 2A) , along with the small depressions visible at the test surface ( Figure 1C ), point toward arcellinid amoebozoans. Among extant testate amoebozoans that possess similar tests, the arcellinid genera Cryptodifflugia, Nebela, and Leptochlamys [29] stand out as potential extant counterparts. Most Cryptodifflugia species are laterally compressed, and their aperture differs from that of the Rhynie fossils. Nebela species have an apical collar and can be uncompressed, but their walls are characteristically reinforced by agglutinated scales, absent in our Rhynie specimens. In contrast, the single extant species of the uncommon genus Leptochlamys closely approximates our Rhynie tests, as described by West (1901): ''Shell is ovoid or flaskshaped, cross section is circular; completely organic, non-alveolar, no exogenous material. Aperture is terminal, circular, with short collar. Ecology: freshwater'' (diagnosis from [29] ). Extant Leptochlamys tests are ovoid to flask shaped, but a Cretaceous species preserved in amber has a globose morphology, much like that of our Rhynie fossils [30] .
Comparative biology, then, suggests that the Rhynie fossils represent arcellinid amoebozoans, which are possibly closely related to extant Leptochlamys. This, in turn, implies that testate amoebozoans, so abundant and ecologically important in modern terrestrial ecosystems, were already part and parcel of terrestrial communities at the dawn of vascular plant evolution. Do other fossils illuminate the ecological and evolutionary history of arcellinids? Vase-shaped tests are widespread and abundant in marine sediments of the later Tonian Period (ca. 800-725 million years ago) [31] [32] [33] [34] . Most of these fossils show a combination of characters suggestive of amoebozoan affinities, including some populations that closely resemble the tests of extant Arcella species [31] . If we accept that testate amoebozoans existed in Neoproterozoic oceans, then the current diversity of Figure 1A. (B) The same specimen as shown in Figure 1B . The holotype on thin section NHMUK-V67932 is illustrated in confocal laser light in (A). The scale bars represent 12.5 mm (A) and 13.5 mm (B). See also Video S1. non-marine amoebozoans must reflect later terrestrialization, possibly associated with the establishment of land plants. In and of itself, the terrestrialization hypothesis is not unusual or extreme-it certainly holds for arthropods, vertebrates, and other animal clades.
The Phanerozoic fossil record of terrestrial amoebozoans is meager, comprising a handful of well-documented records (e.g., [35] and references therein; [36] ). Until now, the oldest widely accepted fossils of terrestrial arcellinids came from upper Permian fluvial rocks that contain species assigned to the families Arcellidae, Centropyxidae, Plagiopyxidae, Difflugidae, and Trigonopyxidae [36, 37] . Freshwater species of the families Centropyxidae and Difflugiidae have also been recorded from Upper Triassic amber [38] , and Centropyxidae, Difflugiidae, Hyalosphenidae, and Phryganellidae occur in Cretaceous amber and non-marine shales from Canada, US, and Europe ( [30] and references therein; [35] ). Based on morphology, our fossils appear to be most similar to Leptochlamys galippei from Cretaceous amber in France [30] . The Cretaceous fossils are somewhat smaller, with a much smaller aperture and pores in the test wall. (The latter feature is absent in modern Leptochlamys and could reflect post-mortem alteration.) The small differences in morphology and major differences in age lead us to segregate the Rhynie fossils into a new genus and species.
In the absence of an extensive fossil record, several groups have used molecular clocks to draw inferences about the timing of arcellinid evolution. Of course, without fossil calibration points, the error bars in these molecular clocks are necessarily large. That said, the clock estimates of Fiz-Palacios et al. [39] and Lahr et al. [40] are consistent with the hypothesis that terrestrial arcellinids, diversified as land plants, began to transform terrestrial ecosystems. The position of Leptochlamys within arcellinid phylogeny remains uncertain, as it has not been sequenced and so is absent from modern molecular analyses. Meisterfeld [41] placed Leptochlamys within the family Hyalospheniidae along with the genus Hyalosphenia, a relatively latebranching clade, but Kosakyan et al. [42] argued that morphological differences between Hyalosphenia and Leptochlamys cast doubt on a close phylogenetic relationship between the two taxa. Until molecular data become available for Leptochlamys, its position within the Arcellinida will remain uncertain.
Modern arcellinids occur in a range of terrestrial, freshwater, and brackish habitats. The Rhynie chert is known to host different microenvironments ranging from brackish and freshwater to fully terrestrial [43] . Our analysis of the associated biota (Figure 3) , which includes cyanobacterial sheaths, the crustacean Lepidocaris, the charophycean alga Palaeonitella, and a recently described zoosporic fungal association [12] , indicates a shallow aquatic environment, proximal to fully terrestrial conditions, as indicated by the vascular plant Asteroxylon. We suggest, then, that the testate Rhynie organisms lived in a small freshwater or brackish pool on the Rhynie floodplain (Figure 4 ), perhaps feeding on the cyanobacterial mats with which they are associated spatially. Modern arcellinids form a diverse, ecologically important component of pond sediment and wetland food webs [44, 45] , feeding on bacteria, fungi, algae, or other protozoa [46] .
In conclusion, the discovery of testate microfossils interpreted as arcellinid amoebozoans in the Rhynie chert provides the first tangible evidence of phagotrophic protists in early terrestrial ecosystems and supports the hypothesis that arcellinids colonized the land as early vascular plants began to transform the nature of the land surface. Like plants and animals, arcellinids may have transitioned through freshwater environments to colonize soil ecosystems, emerging as important predators that have helped to shape ecosystem function [47] since the Devonian Period.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
The Rhynie chert is situated about 50 km NW of Aberdeen, Scotland [10] . Radiometric ages vary from 407.6 ± 2.2 Ma [48] to 411.5 ± 1.3 Ma [49] , with reported differences probably reflecting methodology, geological assumptions, and any of several potential geologic sources of error. We favor the age of 407.6 ± 2.2 Ma, because it is consistent with the chronostratic interval given by the spore assemblage biozone [50] and the corresponding numerical ages for stage boundaries in the Geologic Timescale. Sinter deposition from the hot spring originally took place in an intermontane basin on the southern margin of the palaeocontinent of Laurussia (palaeolatitude 28 S) [51] , with sediment accumulating on a low-energy alluvial plain [10] . Plants grew in thin soils on sandy substrates on a sinter apron crossed by streams. Silicification ensued from geothermal outwash of alkali-chloride hot springs at some distance from vents and probably at low temperature (< 40-50 C) [43] . Opinions on the salinity of the system vary, with arguments for both low ($<1 wt.% NaCl) [52] and high values [53] . Both may be correct, as salinity might have varied spatially among microhabitats at a local scale and temporally in relation to episodic flooding events from geothermal or freshwater sources. The fossil specimens were observed in a single thin section of Rhynie chert housed in the collection of The Natural History Museum London, UK (NHMUK V67932).
METHOD DETAILS
Specimens were examined and photographed using a Leica 250C stereomicroscope (low magnification) and a Nikon Eclipse LV100ND compound microscope; depth of field was enhanced through z stack montage. Further images were made using a 40x oil-immersion objective on a Nikon A1-Si Confocal Laser Scanning Microscope and an area-of-interest around the specimen was selected for digital enlargement. An autofluorescence signal was collected with four photomultiplier detectors (425-475 nm for the 405 nm laser, 500-550 nm for the 488 nm laser, 570-620 nm for the 561 nm laser and 675-725 nm for the 640 nm laser). Specimens were visualized with a 30 mm confocal pinhole, and 100 to 400 z stacks were acquired for each detector. The fluorescence signal from each z stack was then projected onto a maximum projection image and used to generate a three-dimensional model of the specimen (Nikon NIS-Elements software, http://www.nikoninstruments.com/Products/Software) [12, 15, 28] .
QUANTIFICATION AND STATISTICAL ANALYSIS
No quantification or statistical analyses were used in this study.
REAGENT or RESOURCE SOURCE IDENTIFIER
Biological Samples
Fossil organisms in a thin section Collections at the Natural History Museum, London
